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DIAMOND ULTRAVIOLET LUMINESCENT ELEMENT 



FIELD OF THE INVENTION 
The present invention relates to a diamond ultraviolet 
light-emitting device having a diode structure for realizing 
the free exciton recombination radiation utilizing a diamond 
grown by the chemical vapor deposition method, capable of being 
applied to the field of optical information read/write processing , 
photolithography , optical processing, phosphor excitation 
light source and the like. 



SUMMARY OF THE INVENTION 

Owing to its short wavelength, ultraviolet light can be 
utilized for micro fabrication, and there are various demands 
for ultraviolet technology such as improving the recording 
density of the optical read/write processing or improving the 
packaging density in the semiconductor devices. 

A dutrium lamp and an excimer laser are two examples of 
the light source in the ultraviolet wavelength region . However , 
according to the dutrium lamp, the ultraviolet light emission 
has low efficiency and low brightness . As for the excimer lasers 
utilizing gas , the device is dangerous and inconvenient to handle 
since it is large and requires cooling water and halogen. 
Therefore, the conventional ultraviolet light sources have 
various inconveniences for actual applications. 

On the other hand, diamond is also known as material that 
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emits ultraviolet light. The diamond ultraviolet 

light-emitting device is small in size, highly efficient, very 
bright, and is advantageously safe to use. 

Especially in the case of a light emitting device having 
a diode structure such as a pn junction, the luminous efficiency 
is improved even further. This is because for example in a pn 
junction, an energy barrier exists at the interface between the 
p-type layer and the n-type layer that stores the carrier 
contributing to the light emission. The light emitting portion 
is approximately the border between the p-type layer and the 
n-type layer. 

The conventional diamond light-emitting device is disclosed 
for example in (1) Japanese Patent Laid-open Publication No. 
4-240784 (240784/92), (2) Japanese Patent Laid-Open Publication 
No. 7-307487 (307487/95), and (3) Japanese Patent Laid-Open 
Publication No. 5-152604 (152604/93). 

According to these conventional diamond light-emitting 
devices , the diamond forming the p-type layer is doped with boron , 
and the diamond forming the n-type layer is doped with lithium, 
phosphorous and the like, and they realize a diode property. 
However, according to the ultraviolet radiation of the 
conventional diamond light-emitting device, light emission was 
caused mainly by impurities or lattice defects, and the free 
exciton recombination radiation intrinsic to diamond and having 
a short wavelength is not dominant. 

There are explanations on the free exciton recombination 
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radiation in the above-mentioned publications, but they are 
merely explanations on the result of radiating electron beams 
to the diamond from the exterior and measuring the light emission 
by the cathode luminescence (CL) method so as to confirm the 
properties of the diamond. 

Japanese Patent Laid-Open Publication No. 4-240784 
discloses an ultraviolet light-emitting device formed by 
providing a boron-doped p-type diamond crystal semiconductor 
layer on a monocrystal diamond substrate, forming on top an 
undoped diamond film, and further forming thereon a 
phosphorous-doped n-type diamond crystal semiconductor layer, 
and an ultraviolet light-emitting device forming on one surface 
of a p-type monocrystal substrate a diamond film having both 
boron and phosphorous doped thereto, and further forming on the 
diamond film a phosphorous-doped diamond film. According to 
the publication, the former ultraviolet light-emitting device 
has an ultraviolet radiation peak at 2 60 nm caused by 
boron-related band radiation, and the latter device has an 
ultraviolet radiation peak at around 400 nm, and the disclosure 
aims at providing a solid-state ultraviolet light-emitting 
device driven simply by current injection, but according to the 
above devices of the prior art, ultraviolet radiation of 235 
nm caused by the free exciton recombination radiation resulting 
from current injection is not dominant. 

Further, Japanese Patent Laid-Open Publication No . 7-30748 7 
discloses a short-wavelength light-emitting device comprising 
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a low-resistance p-type semiconductor diamond layer doped with 
impurities such as boron, and a high-resistance diamond layer 
formed of either non-additive diamond or semiconductor diamond. 
These diamond layers are formed of a high-quality diamond capable 
of realizing the free exciton recombination radiation observed 
in CL spectrum at room temperature, but the emission spectrum 
generated when applying voltage between the electrodes has an 
ultraviolet radiation peak at 238 nm, which shows that the 
radiation peak is caused by boron bound exciton recombination 
radiation, and that the ultraviolet radiation of 235 nm caused 
by the free exciton recombination radiation having advantageous 
luminous efficiency is not dominant. 

Japanese Patent Laid-Open Publication No. 5-152604 
disc loses a diamond semiconductor device formed by chemical vapor 
deposition method and including a pn junction, wherein in 
embodiment 11 , a diamond semiconductor device is disclosed where 
the p-type semiconductor region includes boron as the impurity 
and the n-type semiconductor region includes lithium as the 
impurity. When voltage is applied thereto, the semiconductor 
device emits light having a peak at 440 nm. However, the 
publication does not refer to the ultraviolet radiation of the 
free exciton recombination radiation caused by current 
injection. 

Japanese Patent Laid-Open Publication No. 3-222376 
discloses a diamond semiconductor light-emitting device that 
radiates for example a pale blue light having a short wavelength, 
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wherein the device comprises forming on a low-resistance silicon 
substrate a p-type semiconductor diamond layer , and an insulating 
diamond layer thereabove, further forming an ohmic electrode 
on a portion of the surface of the p-type semiconductor diamond 
layer , and a surface electrode on the insulating diamond layer, 
wherein the formed light-emitting device emits greenish white 
light. The publication further discloses forming on a 
low-resistance silicon substrate an n-type semiconductor 
diamond layer , and forming an insulating diamond layer thereabove , 
forming a back electrode on the back surface of the n-type 
semiconductor diamond and a surface electrode on the insulating 
diamond layer , wherein the light-emitting device emits pale blue 
light. However, there is no description in the publication that 
the semiconductor light-emitting device emits ultraviolet 
resulting from free exciton recombination radiation. 

When considering a diode-structure diamond ultraviolet 
light-emitting device, the light emission caused by 
impurities/defects has a longer wavelength compared to the 
intrinsic light emission as disclosed in Japanese Patent 
Laid-Open Publication No. 4-240784 or No . 7-307487, andtherefore 
it is not desirable as a short-wavelength light-emitting device. 
Furthermore, in order to improve the emission intensity, it is 
necessary to introduce high density of defects or high 
concentration of impurity to the diamond crystal, and as a result, 
the quality of the crystal is deteriorated and the intensity 
of the ultraviolet light emission is reduced. Even further, 
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the emission peaks at various wavelengths induced by the 
introduction of impurities /defects consumed a portion of the 
injected energy, deteriorating the efficiency of even the useful 
ultraviolet radiation . Due to these reasons , the light emission 
caused by impurities or defects is not practical for the mechanism 
of a current-injection light-emitting device. 

On the other hand, the free exciton recombination radiation 
is a light emission intrinsic to each material, and generally 
has the shortest wavelength and a high density of states compared 
to the variety of other light emissions obtained from the material , 
so it is most preferable for realizing a practical bright 
light-emitting device. As for diamond, the intrinsic spectrum 
related to the free exciton recombination radiation is studied 
fif using analyzing 'methods such as the CL method. The energy of 
the free exciton of diamond at room temperature corresponds to 
a wavelength of 229 nm, but actually, light emissions called 
the phonon side band group that appear near 235 nm, 242 nm, 249 
nm and 257 nm are mainly observed. In general, all of the above 
are inclusively called "free exciton recombination radiation" , 
but the light that is most preferable in an ultraviolet 
light-emitting device is the light having energy around 235 nm, 
and in the present specification, this specific light emission 
^5 is called the "free exciton recombination radiation". 

DISCLOSURE OF THE INVENTION 
As explained, the conventional diamond ultraviolet 
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light-emitting device utilizes a light-emitting diamond crystal 
layer that is poor in quality and containing a lot of impurities 
or defects . Therefore, when a diamond crystal is used to realize 
a current-injection light-emitting device, it is impossible to 
obtain sufficient radiation intensity by the free exciton 
recombination radiation that is the most advantageous radiation 
in practical use. 

For example, Japanese Patent Laid-open Publication No. 
4-240784 discloses a diamond light-emitting device with a p-i-n 
diode structure that has a peak at a wavelength of 400 nm and 
emits light having a wide range of wavelength from 300 nm to 
500 nm. This radiation is longer in wavelength compared to the 
free exciton recombination radiation, and is not preferable for 
micro fabrication. Moreover, this radiation is clearly caused 
by impurities or lattice defects, so it is difficult to improve 
the radiation efficiency of the device and is disadvantageous 
when applied to practical use. 

Moreover, Japanese Patent Laid-open Publication No. 
7-307487 discloses the spectrum of a light-emitting device, 
according to which the intensity of the free exciton 
recombination radiation (235 nm) being the radiation intrinsic 
to diamond is clearly smaller than (and less than half) the 
intensity of the bound exciton radiation (238 nm) being one 
example of radiation caused by impurities or defects. 

In comparison, the diode-structure diamond light-emitting 
device according to the present invention provides the free 
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exciton recombination radiation having an intensity that is 
greater than the intensity of the bound exciton recombination 
radiation being one example of radiation caused by impurities 
or defects, the former being more than at least twice the value 
of the latter in intensity ratio. In this specification, this 
defines the ultraviolet radiation in which the free exciton 
recombination radiation is dominant. 

The object of the present invention is to provide using 
a diode structure a current-injection excitation diamond 
ultraviolet light-emitting device in which the free exciton 
recombination radiation is dominant, the light having a short 
wavelength that is intrinsic to diamond. 

In order to achieve the above object, the present invention 
proposes in claim 1 a diode-structure diamond ultraviolet 
light-emitting device comprising a p-type semiconductor layer 
formed of diamond crystal, and an n-type semiconductor layer 
formed of diamond crystal , the device emitting light when excited 
by current injection, and wherein the free exciton recombination 
radiation is dominant. 

Claim 2 of the present invention refers to a diode-structure 
diamond ultraviolet light-emitting device according to claim 
1, wherein the free exciton recombination radiation being 
dominant refers to a state where the intensity of the free exciton 
recombination radiation is at least two times or more greater 
than the intensity of radiation caused by impurities or defects 
within the range where the wavelength of the current injection 
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emission spectrum is 300 nm or smaller. 

Claim 3 discloses a diode-structure diamond ultraviolet 
light-emitting device according to claim 1 or claim 2, wherein 
the diode-structure comprises a pn junction. 

Claim 4 refers to a diode-structure diamond ultraviolet 
light-emitting device according to claim 1, 2 or 3, wherein both 
diamond crystals are high-quality crystals including only a very 
small amount of impurity other than the dopant, 

A dopant is a substance that is added intentionally to a 
diamond crystal so as to control the electric conductivity and 
the light emission property of the crystal. However, even when 
a dopant is added to the diamond crystal, in the diamond 
light-emitting device according to the present invention, the 
free exciton recombination radiation resulting from current 
injection is dominant. 

Claim 5 refers to a diode-structure diamond ultraviolet 
light-emitting device according to claim 1, 2, 3 or 4, wherein 
the n-type diamond crystal is a diamond crystal doped with 
phosphorous . 

Claim 6 refers to a diode-structure diamond ultraviolet 
light-emitting device according to claim 1, 2, 3 or 4, wherein 
the n-type diamond crystal is a diamond crystal doped with sulfur . 

Claim 7 refers to a diode-structure diamond ultraviolet 
light-emitting device according to any one of claims 1 through 
6, wherein the n-type diamond crystal is a diamond crystal grown 
by the chemical vapor deposition (CVD) method. 
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Claim 8 refers to a diode-structure diamond ultraviolet 
light-emitting device according to any one of claims 1 through 
7 , wherein the p-type semiconductor diamond crystal is a diamond 
crystal doped with boron. 

Claim 9 refers to a diode-structure diamond ultraviolet 
light-emitting device according to claim 8, wherein the 
boron-doped diamond crystal has a boron concentration of 100 
ppm or smaller. 

Claim 10 refers to a diode-structure diamond ultraviolet 
light-emitting device according to any one of claims 1 through 
9 , wherein the p-type semiconductor diamond crystal is a crystal 
synthesized by the high temperature and high pressure method. 

Claim 11 refers to a diode-structure diamond ultraviolet 
light-emitting device according to claim 10 , wherein the 
high-temperature and high-pressure synthetic diamond is 
synthesized by adding a nitrogen remover to the flux. 

Claim 12 refers to a diode-structure diamond ultraviolet 
light-emitting device according to any one of claims 1 through 
9 , wherein the p-type semiconductor diamond crystal is a diamond 
grown by CVD method. 

Claim 13 refers to a diode-structure diamond ultraviolet 
light-emitting device according to any one of claims 7 through 
12 , wherein the CVD diamond crystal is a homoepitaxial film grown 
homoepitaxially on a diamond crystal substrate. 

Claim 14 refers to a diode-structure diamond ultraviolet 
light-emitting device according to claim 7 , 12 or 13, wherein 
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the vapor synthetic diamond crystal is a diamond crystal film 
grown by the microwave plasma-assisted CVD(MW-CVD) method. 

Claim 15 refers to a diode-structure diamond ultraviolet 
light-emitting device according to any one of claims 1 through 
11, the device comprising a p-type semiconductor diamond crystal 
synthesized by the high temperature and high pressure method, 
and a n-type CVD diamond crystal grown thereon. 

Claim 16 refers to a diode-structure diamond ultraviolet 
light-emitting device according to any one of claims 1 through 
9 or claims 12 through 15, wherein a first CVD diamond crystal 
is formed on a diamond substrate, and a second CVD diamond crystal 
is further formed thereon. 

Claim 17 refers to a diode-structure diamond ultraviolet 
light-emitting device according to claim 16, wherein the first 
CVD diamond crystal is either a p-type semiconductor diamond 
crystal or an n-type semiconductor diamond crystal, and the 
second CVD diamond crystal is either an n-type semiconductor 
diamond crystal or a p-type semiconductor diamond crystal that 
differs from the first CVD diamond crystal. 

Claim 18 refers to a diode-structure diamond ultraviolet 
light-emitting device according to claim 16 or 17, wherein the 
second CVD diamond layer is grown selectively on the first CVD 
diamond layer . 

Claim 19 refers to a diode-structure diamond ultraviolet 
light-emitting device according to claim 16, 17 or 18, wherein 
an electrode is formed on the exposed surface of the first CVD 
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diamond layer . 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a conceptual diagram showing the diode-structure 
diamond ultraviolet light-emitting device according to an 
embodiment of the present invention. In FIG. 1, reference 1 
is a boron-doped high-pressure diamond p-type crystal layer 
(p-type semiconductor layer), 3 is a phosphorous-doped n-type 
CVD diamond layer / sulfur-doped n-type CVD diamond layer (n-type 
semiconductor layer) , 5 shows individual electrodes (first 
electrode (W/Ti)), 51 shows aluminum wires (lead wires), 7 
designates a common electrode ( second electrode (W/Ti) ) , 71 shows 
an aluminum wire (lead wire) , and 10 is a pn junction-type diode 
structure diamond ultraviolet light-emitting device. 

FIG. 2 is an enlarged view showing the principle of the 
structure of the diode-structure diamond ultraviolet 
light-emitting device according to the present invention. 

FIG . 3 is a diode characteristic chart of the diode-structure 
diamond ultraviolet light-emitting device according to the 
present invention . 

FIG. 4 is a characteristic chart showing the free exciton 
recombination radiation (ultraviolet radiation) caused by 
current injection according to the diode-structure diamond 
ultraviolet light-emitting device according to the present 
invention . 

FIG. 5 is a diode characteristic chart of the diode-structure 
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diamond ultraviolet light-emitting device according to the 
second embodiment of the present invention. 

FIG. 6 is a characteristic chart showing the free exciton 
recombination radiation (ultraviolet radiation) caused by- 
current injection according to the diode-structure diamond 
ultraviolet light-emitting device according to the second 
embodiment of the present invention. 

FIG. 7 is a conceptual diagram showing the structure of 
the diode-structure diamond ultraviolet light-emitting device 
according to the third embodiment of the present invention. 
Reference 30 shows a diamond substrate formed by the high 
temperature and high pressure method, 31 shows a boron-doped 
CVD diamond p-type crystal layer (p-type semiconductor layer) , 
33 shows a sulfur-doped CVD diamond n-type crystal layer (n-type 
semiconductor layer), 35 and 37 show electrodes (Au/Ti), and 
51 shows an aluminum wire (lead wire). 

FIG. 8 is a diode characteristic chart of the diode-structure 
diamond ultraviolet light-emitting device according to the ninth 
embodiment of the present invention. 

FIG. 9 is a characteristic chart showing the free exciton 
recombination radiation (ultraviolet radiation) caused by 
current injection of the diode-structure diamond ultraviolet 
light-emitting device according to the third embodiment of the 
present invention. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 
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The actual structure of a diamond ultraviolet light-emitting 
device having a diode structure according to the first embodiment 
of the present invention , in which the free exciton recombination 
radiation is dominant and which is operated by current injection, 
is explained with reference to FIG. 1 and FIG. 2. 

FIG. 1 (A) is a plan view showing a typical structure of 
a multiple light-emitting device 10, having a plurality of pn 
junction diode-structure diamond ultraviolet light-emitting 
devices on a single substrate in which the free exciton 
recombination radiation caused by current injection is dominant , 
and FIG. 1 (B) is a cross-sectional view thereof. FIG. 2 is 
a principle diagram showing in enlarged viewone of the pn junction 
diode-structure diamond ultraviolet light-emitting devices 10 
shown in FIG. 1, wherein all the light-emitting devices of FIG. 
1 have the same structure shown in FIG. 2. 

The pn junction diamond ultraviolet light-emitting device 
10 realizing the free exciton recombination radiation comprises 
a p-type semiconductor layer 1 formed of boron-doped synthetic 
diamond p-type crystal obtained by the high temperature and high 
pressure method, a phosphorous-doped CVD diamond n-type crystal 
layer (n-type semiconductor layer) 3 grown on the surface of 
the p-type semiconductor layer 1 by the CVD method, a plurality 
of individual electrodes (first electrodes) 5 formed of tungsten 
(W) mounted on the growth surface of the phosphorous-doped CVD 
diamond n-type crystal layer 3, and one common electrode (second 
electrode) 7 formed of tungsten (W) mounted on the back surface 
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of the boron-doped high-pressure diamond p-type crystal layer 
(p-type semiconductor layer) 1. 

Each individual electrode 5 is connected to an aluminum 
wire 51, and the common electrode 7 is connected to an aluminum 
wire 71. 

A high quality diamond that does not include detectable 
lattice defects or impurities other than the dopant is used for 
the p-type semiconductor layer 1 and the n-type semiconductor 
layer 3, 

In a IV group semiconductor such as diamond or silicon , 
it is common to add a II- III group element to provide a p-type 
electric conductivity, and to add a V-VI group element to provide 
an n-type electric conductivity. Examples of the p-type dopant 
for diamond include boron, and examples of the n-type dopant 
include phosphorous, sulfur and lithium. 

The boron-doped synthetic diamond p-type crystal layer 1 
that constitutes the pn junction diamond ultraviolet 
light-emitting device 10 for the free exciton recombination 
radiation is formed of a synthetic diamond crystal obtained by 
the high temperature and high pressure method explained below. 

In this explanation, the high temperature and high pressure 
method refers to the so-called temperature difference method, 
and according to this diamond manufacturing method, carbon 
material is dissolved to flux metal and this carbon is deposited 
on a seed crystal (diamond microcrystal) in a temperature and 
pressure region under which diamond can exist stably. 
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The diamond manufacturing method utilizing the temperature 
difference method is disclosed for example in Japanese Patent 
Laid-Open Publication Nos. 4-108532 (108532/92) and 5-200271 
(200271/93) . 

As for the flux metal, a material is used that is capable 
of sufficiently dissolving carbon and also works as a catalyst 
that accelerates the crystal growth of diamond. Actually, as 
disclosed in documents (for example, Kanda et al M Nippon Kagaku 
Kaishi (The Chemical Society of Japan), 1981, vol. 9, pp. 
1349-1355), an alloy including iron (Fe) and/or cobalt (Co) 
and/or nickel (Ni) is used as the flux metal. 

The boron-doped p-type synthetic diamond layer (p-type 
semiconductor layer) 1 is formedusing the temperature difference 
method (the high temperature and high pressure method) and under 
the following conditions of growth. 

[Conditions of growth] 
Carbon material: pyrolysis carbon; doped with 3000 ppm of boron 
Flux metal: iron (Fe) - cobalt (Co) alloy 

Nitrogen remover : aluminum (Al), titanium (Ti), zirconium (Zr) 
Growth temperature: 1450 °C 
Synthesis pressure: 6.3 GPa 
Growth time: 50 hours 

In the list, nitrogen remover refers to a metal having higher 
affinity with nitrogen than carbon, and capable of reducing the 
nitrogen concentration in the diamond crystal when added to the 
flux metal. As disclosed in documents (for example, H. Sumiya 
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and S. Satho, Diam. Related Matter, Vol. 5, p. 1359 (1996)), 
the actual example includes Al, Ti and Zr. 

Under the above-mentioned conditions, the seed crystal is 
placed so that the direction of growth is [001] , and the crystal 
is synthesized. As a result, a blue-color single crystal having 
a facet of {100} and {111} weighing 64.0 mg is created. 

The formed crystal is cleaved along the (111) surface, and 
is polished into a plate-like shape with a thickness of 0.5 mm 
and a size of 1 mm x 2 mm using a skeif grinder. 

The boron concentration in the crystal is measured using 
an infrared absorption spectroscopy (refer to R. M. Cherenko, 
M. Strong and R. E. Tuft, Phil. Mag., vol. 23, p. 313, 1971). 
The infrared (IR) absorption spectrum of the sample is measured 
using a micro IR apparatus, and the absorbance al at a wave number 
of 1280 [1/cm] or the absorbance a2 at a wave number of 2800 
[1/cm] is computed. The former is effective if the boron 
concentration in the crystal is 10 ppm or more, and the latter 
is effective when the concentration is less than 10 ppm. The 
conversion formula of the former and latter values is represented 
by the following equation ( 1 ) . 

a2/al = 22 ... (1) 

When the film thickness is represented by d [cm], the 
effective acceptor concentration NA (of the boron included in 
the crystal, the concentration of boron atoms being active 
acceptors) within the crystal can be calculated by the following 
equation (2). When this method is applied, the effective 
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acceptor concentration within the crystal is calculated as 9 
ppm. 

Further, since no absorption peak related to nitrogen (1130, 
1185, 1282, 1370 [1/cm]) is observed according to the IR spectrum 
measurement, the nitrogen concentration within the crystal is 
calculated as 0.1 ppm or less. 

NA [ppm] = 0.086 X al/d ... (2) 

A phosphorous -doped n-type diamond layer 3 being grown 
homoepitaxially by MW-CVD method is grown on this boron-doped 
p-type diamond layer 1 . 

The homoepitaxial growth of the n-type diamond layer 3 is 
performed by an MW-CVD apparatus and using a high-grade methane 
gas and a high-grade hydrogen gas and under the following 
conditions . 

Upon growth, the sample surface is cleaned by performing 
H 2 plasma processing for 10 minutes. 
[Conditions of growth] 

Substrate: boron-doped p-type synthetic diamond 
MW output: 600 W 

Gas: CH 4 ; 0.0125%, H 2 ; 99.9875% 

Phosphorous source: trimethyl phosphorous (P(CH 3 ) 3 ) 
P/C ratio: 2200 ppm 

Gas purity: CH 4 ; 99.9999%, H 2 ; 99.99999% 
Flow rate: 200 ml/min 
Synthesis pressure: 40 Torr 
Temperature: 900 - 950 °C 
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Growth time: 50 hours 

The thickness of the CVD diamond n-type crystal layer is 
0.7 //m. Since a hydrogen termination conductive layer is 
generally formed on the surface of the diamond formed by the 
CVD method, the sample is treated in a chromic acid mixture for 
10 minutes so as to insulate the diamond surface. 

Then, first electrodes 5 made of tungsten is formed on the 
phosphorous-doped n-type CVD diamond film ( n-type semiconductor 
layer) 3 through sputtering. 
[Conditions for sputtering] 
Target: tungsten (W) 
Gas flow rate: Ar ; 30 ml/min 
Pressure: 5 mTorr 

Substrate temperature: 200 °C 
Voltage: 700 V 
Current: 1 A 
Time: 4 min 
Thickness: 300 A 

Next, a positive photoresist layer is formed on the tungsten 
layer (first electrode) 5 by spin coating and the like 
(photoresist viscosity: 15 Cp, revolution: 3,500 rpm, time: 30 
sec), which is dried under atmosphere at 80 °C for 30 minutes, 
and then unnecessary portions are exposed to ultraviolet using 
a mask aligner (ultraviolet exposure: 350 mJ/cm 2 ), the exposed 
portions being removed using a photoresist developer, and it 
is dried in atmosphere at 130 °C for 30 minutes, thereby creating 
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the resist film. 

The resist film is used to perform etching of the tungsten 
layer using aqua regia (hydrochloric acid: nitric acid =3:1) 
for three minutes. 

Thereafter, acetone is used to perform ultrasonic cleaning 
for three minutes, so as to remove the resist and to fabricate 
electrodes 5 . 

On the back surface of the boron-doped p-type synthetic 
diamond layer 1, a second electrode 7 is formed using tungsten 
in a similar manner, thereby completing the pn junction diamond 
ultraviolet light-emitting device 10 using CVD diamond. 

FIG. 3 is referred to in explaining the current-voltage 
characteristic of the pn junction diamond ultraviolet 
light-emitting diode 10 utilizing the CVD diamond crystal formed 
as explained, that realizes the free exciton recombination 
radiation . In FIG . 3 , the horizontal axis represents the voltage 
(V) applied between the first electrode 5 and the second electrode 
7, and the vertical axis represents the current (//A) flowing 
from the first electrode 5 to the second electrode 7 . 

As is clearly shown in the drawing, when a reverse bias 
voltage is applied so that the potential of the first electrode 
5 becomes positive, the leakage current is 0.01 JUL A or smaller 
until the voltage exceeds 20 V. When a forward bias voltage 
is applied where the first electrode 5 becomes negative, the 
current increases greatly from about -12 V. This result shows 
that a diode characteristic is obtained by the pn junction 
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structure of the present device. 

FIG. 4 is referred to in explaining the result of measurement 
of the current injection emission spectrum, 

FIG. 4 shows the result of measurement of the light emitted 
when 80 V of voltage is applied between the electrodes and 1 
mA of current flows therethrough , wherein the horizontal axis 
represents the wavelength (nm) and the vertical axis represents 
the emission intensity (arbitrary scale). 

As clearly shown in FIG. 4, the emission advantageously 
shows a main peak at around 235 nm in the ultraviolet region, 
and a minor peak at around 242 nm. These two peaks are both 
obtained by the free exciton recombination radiation. On the 
other hand, in the wavelength range of under 300 nm, there are 
no other emission peaks such as a boron bound exciton 
recombination radiation (2 38 nm) observed. 

Therefore, according to the present invention, the 
ultraviolet radiation caused by current injection shows a strong 
free exciton recombination radiation having a high efficiency, 
and includes very weak radiation caused by impurities/lattice 
defects having low efficiency, so it can be concluded that 
according to the invention a diode-structure diamond ultraviolet 
light-emitting device is obtained that realizes the free exciton 
recombination radiation having a high emission efficiency. 

Now, according to a second embodiment of the present 
invention, the actual composition of a diode-structure diamond 
ultraviolet light-emitting device activated by current 




injection in which the free exciton recombination radiation is 
dominant is explained with reference to FIG. 1 and FIG. 2, the 
same drawings that were referred to in the first embodiment. 

The pn junction diamond ultraviolet light-emitting device 
10 that realizes the free exciton recombination radiation 
comprises a p-type semiconductor layer 1 formed of boron-doped 
p-type synthetic diamond formed by the high temperature and high 
pressure method, a sulfur-doped n-type CVD diamond layer ( n-type 
semiconductor layer) 3 grown on the surface of the p-type 
semiconductor layer 1 by the CVD method, a plurality of individual 
electrodes (first electrodes) 5 made of titanium (Ti) mounted 
on the growing surface of the sulfur-doped n-type CVD diamond 
layer 3, and one common electrode (second electrode) 7 made of 
titanium ( Ti ) formed on the back surface of the boron-doped p-type 
synthetic diamond layer (p-type semiconductor layer) 1. 

Each individual electrode 5 is connected to an aluminum 
wire 51, and the common electrode 7 is connected to an aluminum 
wire 71. 

A high quality diamond that does not include detectable 
lattice defects or impurities other than the dopant is used for 
the p-type semiconductor layer 1 and the n-type semiconductor 
layer 3 . 

The boron-added high pressure diamond p-type crystal layer 
(p-type semiconductor layer) 1 is manufactured by a temperature 
difference method (high temperature and high pressure method) 
under the following conditions of growth. 
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[Conditions of growth] 

Carbon material: pyrolysis carbon; 1000 ppm of boron is added 
as dopant 

Flux metal: iron (Fe) - cobalt (Co) alloy 

Nitrogen remover : aluminum (Al), titanium (Ti), zirconium (Zr) 
Growth temperature: 1450 °C 
Synthetic pressure: 6.3 GPa 
Growth time: 80 hours 

Under the above-mentioned conditions , the seed crystal is 
placed so that the direction of growth is [001] , and the crystal 
is synthesized. As a result, a blue-color single crystal having 
a facet of {100} and {111} weighing 81.1 mg is created. 

The formed crystal is polished into a plate-like shape having 
the (001) surface as the upper and lower surf aces with a thickness 
of 0.5 mm and a size of 1 mm x 2 mm using a skeif grinder. 

The boron concentration of the crystal is measured using 
IR absorption spectroscopy similar to the first embodiment, and 
as a result, the effective acceptor concentration within the 
crystal is calculated as 1.4 ppm. 

Further, since no absorption peak related to nitrogen (1130, 
1185, 1282, 1370 [ 1/cm] ) was observed according to the IR spectrum 
measurement, the nitrogen concentration within the crystal 
measured by the IR absorption spectroscopy is calculated as 0.1 
ppm or less. 

NA [ppm] = 0.086 X al/d ... (2) 

A sulfur-doped n-type diamond layer 3 is grown 
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homoepitaxially by the MW-CVD method on the boron-doped p-type 
diamond layer 1 . 

The homoepitaxial growth of the n-type diamond layer 3 is 
performed using an MW-CVD apparatus and with a high-grade methane 
gas and a high-grade hydrogen gas and under the following 
conditions . 

Upon growth, the sample surface is cleaned by performing 
H 2 plasma processing for 10 minutes. 
[Conditions of growth] 

Substrate: boron-doped synthetic diamond crystal 
MW output: 500 W 
Gas: CH 4 ; 1%, H 2 ; 99% 

Sulfur source: hydrogen sulfide (H 2 S) 
S/C ratio: 5000 ppm 

Gas purity: CH 4 ; 99.9999%, H 2 ; 99.99999% 
Flow rate: 100 ml/min 
Synthesis pressure: 40 Torr 
Temperature: 900 °C 
Growth time: 100 min 

The thickness of the sulfur-doped n-type CVD diamond layer 
is 1 //m. The sample is processed by chromic acid mixture for 
10 minutes so as to insulate the surface. 

Then, first electrodes 5 made of titanium is formed on the 
sulfur-doped n-type CVD diamond film (n-type semiconductor 
layer) 3 through sputtering. 
[Conditions for sputtering] 
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Target: titanium (Ti) 

Gas flow rate: Ar; 30 ml/min 

Pressure: 5 mTorr 

Substrate temperature: 200 °C 
Voltage: 7 00 V 
Current: 1 A 
Time: 4 min 
Thickness: 500 A 

Next, a resist film is formed on the titanium layer (first 
electrode) 5 in a manner similar to the first embodiment. 

The resist film is used to perform etching of the titanium 
layer using fluoroboric acid for five seconds* 

Thereafter, acetone is used to perform ultrasonic cleaning 
for three minutes, so as to remove the resist and to fabricate 
electrodes 5 . 

On the back surface of the boron-doped p-type synthetic 
diamond layer 1, a second electrode 7 is formed using titanium 
in a similar manner, so as to complete the pn junction diamond 
ultraviolet light-emitting device 10 using CVD diamond crystal. 

FIG. 5 is referred to in explaining the current-voltage 
characteristic of the pn junction diamond ultraviolet 
light-emitting diode 10 utilizing the CVD diamond formed as 
explained above that realizes the free exciton recombination 
radiation. In FIG. 5, the horizontal axis shows the voltage 
(V) applied between the first electrode 5 and the second electrode 
7, and the vertical axis shows the current (//A) flowing from 

25 



the first electrode 5 to the second electrode 7 . 

As is clearly shown in the drawing, when a reverse bias 
voltage is applied so that the potential of the first electrode 
5 becomes positive, the leakage current is 0.01//A or smaller 
until the voltage exceeds 20 V. When a forward bias voltage 
is applied by which the first electrode 5 becomes negative, the 
current increases greatly from about -10 V. This result shows 
that a diode characteristic is obtained by the pn junction 
structure of the present device. 

FIG. 6 is referred to in explaining the result of measurement 
of the current injection emission spectrum. 

FIG. 6 shows the result of measurement of the light emitted 
when 70 V of voltage is applied between the electrodes and 50 
//A of current flows therethrough, wherein the horizontal axis 
represents the wavelength (nm) and the vertical axis represents 
the emission intensity (arbitrary scale) . 

As clearly shown in FIG. 6, the emission advantageously 
shows a main peak at around 235 nm in the ultraviolet region, 
and a minor peak at around 242 nm. These two peaks are both 
results of the free exciton recombination radiation. On the 
other hand, in the wavelength range of under 300 nm, there are 
no other emission peaks such as a boron bound exciton 
recombination radiation (238 nm) observed. 

Therefore, according to the second embodiment, the 
ultraviolet radiation caused by current injection shows a strong 
free exciton recombination radiation having high efficiency, 



and shows only weak radiation caused by impurities/lattice 
defects having low efficiency, so it can be concluded that a 
diode structure diamond ultraviolet light-emitting device is 
obtained that realizes the free exciton recombination radiation 
having high emission efficiency. 

The influence that the boron concentration within the p-type 
diamond crystal 1 has against ultraviolet emission property 
according to the diode structure diamond ultraviolet 
light-emitting device 10 of the present invention is studied , 
the result of which explained with reference to Table 1. 

The device formed according to the first embodiment of the 
invention is used as example 1, and the pn junction diamond 
light-emitting device according to example 2 and that of the 
comparison example 1 is manufactured under the same conditions 
as example 1, except for the amount of boron being added when 
fabricating the p-type boron-doped high pressure crystal. 
Further , the device fabricated according to the second embodiment 
is used as example 3. The amount of boron being added to the. 
p-type crystal of each example is as listed below, showing the 
amount of boron being added to the material carbon (ppm) . 
Example 1 (phosphorous-doped n-type crystal) : 

Amount of added boron; 3000 ppm 
Example 2 (phosphorous-doped n-type crystal) : 

Amount of added boron; 30000 ppm 
Example 3 (sulfur-doped n-type crystal): 

Amount of added boron; 1000 ppm 



Comparison example (phosphorous-doped n-type crystal) : 
Amount of added boron; 100000 ppm 



Table 1 



Device 


Boron 
concentration 
measured by SIMS 
method (ppm) 


Free exciton 
recombination 
radiation by 
current injection 


Example 1 


6.0 


yes 


Example 2 


88 


yes 


Example 3 


0.44 


yes 


Comparison example 
1 


150 


no 



According to the device of example 2 the free exciton 
recombination radiation is observed, but according to the device 
of comparison example 1 no free exciton recombination radiation 
is observed. 

As a result of measuring the boron concentration of the 
p-type diamond layer of the devices according to example 1, 
example 2, example 3 and comparison example 1 respectively by 
secondary ion mass spectroscopy (SIMS), a value of 6.0, 88, 0.44 
and 150 ppm is obtained. Therefore, it is understood that in 
order to obtain the free exciton recombination radiation, the 
maximum boron concentration is approximately 100 ppm. 

As explained, the present invention enables to provide a 
diode-structure diamond ultraviolet light-emitting device 
utilizing a CVD diamond crystal in which the free exciton 
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recombination radiation based on current injection is dominant. 

Now, FIG. 7 is referred to in explaining the actual structure 
of a third embodiment of the present invention, which is a 
diode-structure diamond ultraviolet light-emitting device 
activated by current injection in which the free exciton 
recombination radiation is dominant. 

The pn junction diamond ultraviolet light-emitting device 
10 realizing the free exciton recombination radiation according 
to the third embodiment comprises an insulative substrate 30 
formed of diamond monocrystal synthesized by the high temperature 
and high pressure synthesis method, a boron-doped p-type CVD 
diamond layer (p-type semiconductor layer) 31 grown on the 
surface of the insulative substrate 30 by the CVD method, a 
sulfur-doped n-type CVD diamond layer (n-type semiconductor 
layer) 33 grown selectively on a portion of the CVD surface of 
the boron-doped p-type CVD diamond layer (p-type semiconductor 
layer) 31 by the CVD method, a first electrode 35 made of titanium 
(Ti) and gold (Au) mounted on a portion of the surface of the 
boron-doped p-type CVD diamond layer 31, and a second electrode 
37 made of titanium (Ti) and gold (Au) formed on the CVD growth 
surface of the sulfur-doped n-type CVD diamond layer 33. 

The first electrode 35 and the second electrode 37 are each 
connected to an aluminum wire 51. 

A high quality diamond that does not include detectable 
lattice defects or impurities other than the dopant is used 
for the p-type semiconductor layer 31 and the n-type 
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semiconductor layer 33. 

As for the insulative substrate 30 , a diamond monocrystal 
formed by high pressure synthesis method is used. 

The boron-doped p-type CVD diamond layer (p-type 
semiconductor layer ) 3 1 is manufactured using an MW-CVD apparatus 
and under the following conditions of growth. 
[Conditions of growth] 

Substrate: insulative synthetic diamond crystal, polished at 

(100) surface 

MW output: 750 W 

Gas flow rate: 400 ml/min 

CH4 concentration: 0.025% (H 2 dilution) 

Gas purity: CH 4 ; 99.9999%, H 2 ; 99.99999% 

B source: B(CH 3 ) 3 

B/C: 300 ppm 

Growth temperature: 870 °C 
Synthetic pressure: 25 Torr 
Growth time: 118 hours 
Film thickness: 1.5 jum 

Under the above-listed conditions, a synthetic diamond 
monocrystal 30 having a polished (100) surface is placed so that 
the direction of growth is [001], and a boron-doped p-type CVD 
diamond layer 31 is thereby grown. 

Next, a diamond substrate is positioned so as to cover a 
portion of the boron-doped p-type diamond monocrystal 31, and 
a sulfur-doped n-type diamond layer 33 is grown homoepitaxially 
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by the MW-CVD method selectively only to the remaining exposed 
portion. 

The homoepitaxial growth of the n-type CVD diamond layer 
33 is performed using a MW-CVD apparatus and with a highly pure 
methane gas and a highly pure hydrogen gas and under the following 
conditions . 

Upon growth, the sample surface is cleaned by performing 
H 2 plasma processing thereto for 10 minutes. 
[Conditions of growth] 

Substrate: boron-doped CVD diamond crystal 

MW output: 500 W 

Gas: CH 4 ; 1.0%, H 2 ; 99% 

Sulfur source: hydrogen sulfide (H 2 S) 

S/C ratio: 5000 ppm 

Gas purity: CH 4 ; 99.9999%, H 2 ; 99.99999% 
Flow rate: 100 ml/min 
Synthesis pressure: 40 Torr 
Temperature: 900 °C 
Growth time: 100 min 

Film thickness: 1.0 jULm 

The thickness of the sulfur-doped n-type CVD diamond layer 
33 is 1 //m. The sample is processed by chromic acid mixture 
for 10 minutes so as to insulate the surface. 

Then, the diamond mask formed on the boron-doped p-type 
CVD diamond layer (p-type semiconductor layer) 31 is removed, 
and electrodes 35 and 37 made of Au/Ti are respectively formed 
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by sputtering on the exposed surface of the boron-doped p-type 
CVD diamond layer (p-type semiconductor layer) 31 and on the 
appropriate position on the surface of the sulfur-doped n-type 
CVD diamond layer 33. The electrodes 35 and 37 are fabricated 
first by forming a layer of titanium (Ti) on the diamond crystal 
layer 31 and 33 , and then forming a layer of gold (Au) on the 
top. 

[Conditions for sputtering 1] 
Target: titanium (Ti) 
Gas flow rate: Ar; 30 ml/min 
Pressure: 5 mTorr 

Substrate temperature: 200 °C 

Voltage: 700 V 

Current: 1 A 

Time: 4 min 

Thickness: 500 A 

[Conditions for sputtering 2] 

Target: gold (Au) 

Gas flow rate: Ar; 30 ml/min 

Pressure: 5 mTorr 

Substrate temperature: 200 °C 
Voltage: 700 V 
Current: 1.5 A 
Time: 10 min 
Thickness: 500 A 

Next, a resist film is formed on the gold layer in a manner 
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similar to the first embodiment. 

The resist film is used to perform etching of the gold layer 
and the titanium layer using fluoroboric acid for five seconds. 

Thereafter , acetone is used to perform ultrasonic cleaning 
for three minutes , so as to remove the resist and to fabricate 
electrode 5 . 

According to the above steps, the pn junction diamond 
ultraviolet light-emitting device 10 utilizing a synthetic 
diamond crystal is manufactured. 

FIG. 8 is referred to in explaining the current-voltage 
characteristic of the pn junction diamond ultraviolet 
light-emitting device 10 utilizing the CVD diamond crystal formed 
as explained above that realizes the free exciton recombination 
radiation . In FIG . 8 , the horizontal axis represents the voltage 
(V) applied between the first electrode 35 and the second 
electrode 37, and the vertical axis represents the current ( JUL 
A) flowing from the first electrode 35 to the second electrode 
37. 

As is clearly shown in the drawing, when a reverse bias 
voltage is applied so that the potential of the first electrode 
35 becomes positive, the leakage current is 10 pA or smaller 
until the voltage exceeds 20 V. When a forward bias voltage 
is applied by which the first electrode 35 becomes negative, 
the current increases greatly from about -15 V. This result 
shows that a diode characteristic is obtained by the pn junction 
structure of the present device. 
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FIG. 9 is referred to in explaining the result of measurement 
of the current injection emission spectrum. 

FIG. 9 shows the result of measurement of the light emitted 
when 50 V of forward voltage is applied between the two electrodes 
and 1 mA of current flows therethrough, wherein the horizontal 
axis represents the wavelength (nm) and the vertical axis 
represents the emission intensity (arbitrary scale). 

As clearly shown in FIG. 9, the emission advantageously 
shows a main peak at around 235 nm in the ultraviolet region 
resulting from the free exciton recombination radiation, and 
a minor peak at around 242 nm. These two peaks are both obtained 
by the free exciton recombination radiation . On the other hand, 
in the wavelength range of under 300 nm, there are no other emission 
peaks such as a boron-related bound exciton recombination 
radiation (238 nm) observed. 

Therefore, according to the third embodiment, the 
ultraviolet radiation caused by current injection shows a strong 
free exciton recombination radiation having a high efficiency, 
and includes very weak radiation caused by impurities/lattice 
defects having low efficiency, so it can be concluded that a 
diode structure diamond ultraviolet light-emitting device is 
obtained that realizes the free exciton recombination radiation 
having a high emission efficiency. 

According to the third embodiment, the first CVD 
semiconductor diamond layer formed above the synthetic diamond 
crystal is a p-type semiconductor layer, and an n-type 
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semiconductor layer formed of a second CVD diamond layer is grown 
thereon, but according to another example of the invention, the 
first CVD semiconductor diamond layer formed on the synthetic 
diamond crystal can be an n-type semiconductor layer, and the 
second CVD semiconductor diamond layer formed thereon can be 
a p-type semiconductor layer. 

Industrial applicability 

As explained, the diode-structure diamond ultraviolet 
light-emitting device realizing the free exciton recombination 
radiation according to the present invention is capable of 
generating a short-wavelength ultraviolet radiation resulting 
from current injection. 
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